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ABSTRACT
With a redshift of z = 5.5 and an optical blue magnitudeMB ∼ −24.2 mag (∼ 4.5×10
12 L⊙),
RDJ030117+002025 is the most distant optically faint (MB > −26 mag) quasar known. MAMBO
continuum observations at λ = 1.2 mm (185µm rest-frame) showed that this quasar has a far-
IR luminosity comparable to its optical luminosity. We present near-infrared J- and K-band
photometry obtained with NIRC on the Keck I telescope, tracing the slope of the rest frame
UV spectrum of this quasar. The observed spectral index is close to the value of αν ∼ −0.44
measured in composite spectra of optically-bright SDSS quasars. It thus appears that the quasar
does not suffer from strong dust extinction, which further implies that its low rest-frame UV
luminosity is due to an intrinsically-faint AGN. The FIR to optical luminosity ratio is then much
larger than that observed for the more luminous quasars, supporting the suggestion that the FIR
emission is not powered by the AGN but by a massive starburst.
Subject headings: dust, extinction, galaxies:starburst, quasars:individual (RDJ030117+002025)
1. Introduction
Recent Hubble Space Telescope studies have
shown that most spheroidal galaxies in the nearby
universe contain supermassive black holes (SMBHs),
and that there is a strong correlation between the
black hole mass and the velocity dispersion of the
stars (Gebhardt et al. 2000), as well as other
fundamental properties of galaxies; see, e.g., Fer-
rarese (2002) for a review. At the same time,
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there are good reasons to believe that the same
phenomenon – dissipative merging and interac-
tions – can power both starbursts and the central
activity in galaxies, leading to a joint formation
and co-evolution of galaxies and SMBHs; see, e.g.,
Haehnelt (2004), or Djorgovski (2004), for re-
views and references.
The identification of high-z quasars is still
largely the domain of optical large-area sky sur-
veys, but because of dust extinction it is prone to
selection effects. All but two of the quasars known
to date at z > 5 were identified in optical surveys
with observed blue rest-frame magnitude detec-
tion limitsMB ∼< −26 mag. These quasars are op-
tically extremely luminous, and presumably have
unusually small foreground dust and associated
extinction. Our knowledge about the nature and
the properties of individual high-z quasars mostly
comes from follow-up observations of these bright,
optically-selected sources at X-ray, radio, mm-
and submm wavelengths. Millimeter surveys of
optically bright-quasars at high redshifts (z ∼> 2)
show that about one-third of all bright quasars
have FIR luminosities of order 1013L⊙, making
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them detectable to current (sub)mm bolometer
detectors (Omont et al. 2001; Carilli et al. 2001;
Omont et al. 2003). The thermal nature for
the observed FIR emission was implied by the
observer-frame cm-to-mm spectral indices and the
fact that high molecular gas masses are detected
in a number of high-z quasars (Walter et al. 2003,
and references therein).
It remains unclear to what extent AGN do con-
tribute to the FIR luminosity of quasars. Spectral
information on the mid-IR SED remains scarce for
high-z quasars.
A way to support the mounting evidence for a
starburst origin of the FIR emission is to estab-
lish the lack of a correlation between the optical
to mid-IR luminosity (which clearly derives from
the AGN) and the FIR luminosity. In a sample of
SDSS and PSS quasars, Omont et al. (2001) and
Bertoldi & Cox (2002) find no clear correlation
between observer frame mm- and optical luminos-
ity. A similar conclusion is drawn by Priddey et
al. (2003) who observed a sample of 57 optically
selected quasars with MB < −27.5 mag and at
z ∼ 2 in the submm with SCUBA.
1.1. RDJ030117+002025
At z = 5.5 and with MB ∼ −24.2 mag (using
the WMAP cosmological parameters from Spergel
et al. (2003)), RD J030117+002025 (hereafter
RD0301) is the most distant quasar identified to
date with MB > −26 mag. It was discovered by
Stern et al. (2000) as a “R-band dropout” from
deep RIz-band imaging in a 74 arcmin2 field, ob-
served for the SPICES survey (Stern et al. 2001).
At z ≃ 5 high redshift galaxies and quasars dis-
appear from the R-band, because the Lyα and
Lyβ forests attenuate the rest-frame ultraviolet
continuum. The optical luminosity of RD0301 is
∼ 4.5×1012L⊙ (we apply the same method for the
conversion of absolute blue magnitude into optical
luminosity as described in Bertoldi & Cox (2002)).
The spectrum of RD0301 shows broad Lyα/Nv
λ1240 emission (Stern et al. 2000). Compared to
the typical SDSS- or PSS-selected source, RD0301
is approximately four magnitudes fainter at opti-
cal wavelengths. A MAMBO 1.2 mm continuum
detection (185µm rest-frame) shows that the host
galaxy is an ultraluminous FIR source (Bertoldi
& Cox 2002): with a 1.2 mm continuum flux
density of 0.87 ± 0.20 mJy, its FIR luminosity is
LFIR ∼ 5×10
12L⊙ , which is comparable to the av-
erage FIR luminosity of the optically-bright, high-
z quasars observed at mm and submm wavelegths.
The observed VLA A-array 1.4 GHz flux density
of 73 ± 17µJy (Petric et al. 2003) coincides po-
sitionally within 0.′′5 with the optical position of
RD0301, and is consistent with a thermal nature
of the FIR rest-frame luminosity (Condon 1992).
The high angular resolution of the 1.4 GHz de-
tection, combined with the sensitivity of these ob-
servations, allows us to exclude that the observed
1.2 mm emission is from a spatially distinct dusty
companion galaxy, which might be undetected in
the optical observations.
2. Observations and Data Reduction
Infrared images of RD0301 were obtained in
the J and K band filters on UT 2004 August 06
with the Near-Infrared Camera (NIRC; Matthews
& Soifer 1994) on the Keck I telescope. NIRC
reimages a 38.′′4 square field of view onto a 2562
InSb detector at 0.′′15 pixel−1. The observations
were obtained under photometric conditions, and
the seeing was 0.′′36 FWHM in K and 0.′′47 in J .
The data consist of multiple spatially-dithered
images in each filter, with exposure times chosen
as appropriate for the background flux and coadds
chosen to bring the total exposure per pointing
to one minute. Using IRAF1 routines, the indi-
vidual images were dark subtracted, flatfielded,
masked, aligned, and stacked with integer pixel
shifts. Several J-band images were not used for
lack of sources on which to centroid, resulting in
final exposure times of 10 minutes in J and 12
minutes in K.
The data were calibrated onto the Vega scale
using the Persson et al. (1998) standard stars
P530-D and P533-D, observed immediately before
and after the quasar and at similar airmass. Pho-
tometry on the standards was extracted in a 4′′
diameter aperture. The quasar photometry was
extracted in a 2′′ diameter aperture and corrected
to 4′′ using aperture corrections derived from a
brighter star in the field. This relatively small
aperture was used to maximize the signal-to-noise
1IRAF is distributed by the National Optical Astronomy
Observatories, which are operated by the Association of
Universities for Research in Astronomy, Inc., under coop-
erative agreement with the National Science Foundation.
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ratio on the quasar flux. The photometric un-
certainties are dominated by the source flux mea-
surement, but include the zero point uncertainties
from the standard stars. We obtain magnitudes
of JAB = 22.98± 0.18 and KAB = 22.6± 0.19 for
the quasar. The corresponding Vega-based mag-
nitudes are JVega = 22.08 ± 0.18 and KVega =
20.7± 0.19.
3. Results and Discussion
The goal of our near-IR observations was to de-
termine whether the (rest-frame) UV faintness of
RD0301 is due to the foreground extinction of a
bright AGN, or whether the AGN is intrinsically
faint.
By expanding the observed spectral energy dis-
tribution into the near-IR we are able to better
determine the rest-frame UV spectral index, and
thereby place constraints on the extinction toward
the AGN. Recently, Maiolino et al. (2004) found
evidence for a different extinction curve blueward
of 1700 A˚ toward a z = 6.2 BAL quasar. This
is the first evidence for a change of dust proper-
ties toward high redshift objects. We therefore
aimed at a measurement redward of 1700 A˚ to
avoid possible ambiguities in the interpretation of
the observed extinction toward the AGN.
The observed J −K color index of 0.38±0.26 is,
within the uncertainty, identical to the color ob-
tained by redshifting the LBQ composite quasar
spectrum (Francis et al. 1991) to z = 5.50,
which yields J −K(LBQ) = 0.28. It is also identi-
cal to the color derived from the redshifted SDSS
composite spectrum (Vanden Berk et al. 2001),
shown in Figure 1. The template spectrum shown
here was constructed from over 2200 SDSS spec-
tra. Figure 1 demonstrates that the UV rest-
frame continuum emission of RD0301 is consistent
with that of the standard quasar spectrum, which
has a spectral index of αν ∼ −0.44. In partic-
ular the r, z, J , and K-band data points coin-
cide with the expected values. Only the measured
I-band luminosity deviates significantly from the
expected value; however, this band coincides with
the Lyα emission line and therefore is expected
to show the largest variations. We also note that
the RD0301 photometry shortward of 1µmwas ob-
tained several years before the near-IR photome-
try presented here; any quasar variability could be
a source of additional uncertainty in our interpre-
tation of the quasar SED.
Significant obscuration, as is present in most
optically-faint, X-ray selected sources, would lead
to notably steeper spectral indices. Typical spec-
tral indices longward of Lyα of such sources range
from αν = −0.54 to αν = −2.69 (Willott et al.
2004). Using the uncertainties in the J-band pho-
tometry, and applying the dust extinction laws for
the Milky Way and the Small Magellanic Cloud
(SMC) found by Pei (1992), we obtain an upper
limit for the color excess with respect to the tem-
plate spectrum of unobscured quasars of E(B-V)
∼
< 0.04 (Milky Way) and E(B-V) ∼< 0.03 (SMC).
This corresponds to an upper limit of 2× 1020NHI
cm−2 (Milky Way), and 1×1021NHI cm
−2 (SMC)
of foreground neutral hydrogen columns over the
unobscured template quasar. The dust color ex-
cess to neutral hydrogen relationship for the SMC
is probably more applicable for high-z quasars
(Willott et al. 2004). The prior derivation would
not be valid under either of the following condi-
tions: a) the foreground dust is grey over the wave-
length range of the photometry presented here (for
a review of our current understanding of dust mod-
els, see Dwek (2005)) or b) the foreground dust is
optically thick and the observed UV emission from
the quasar is reflected from dust clouds. If both
of those conditions are not present we can exclude
that foreground extinction reduces the observed
blue magnitude of RD0301 by the 4 magnitudes
that it is fainter than the average luminous SDSS
high-z quasars. The inclination of the host galaxy
and the geometrical distribution of the dust in the
host galaxy appears to allow an unobscured view
of the quasar, as is the case with the more lumi-
nous high-z quasars (“Type I” quasars). The AGN
then must be intrinsically fainter by ∼ 4 mag than
SDSS and PSS high-z quasars.
With LFIR ≃ LB and the AGN being unob-
scured, it is still possible that the FIR luminos-
ity of RD0301 is mainly powered by the AGN.
However, if this were the case one would need to
explain why optically-bright high-z quasars typi-
cally have LFIR ∼
< 0.1 × LB (Figure 2 in Bertoldi
& Cox 2002), since this would imply a signifi-
cantly lower dust heating efficiency of the AGN
in optically-bright quasars. Furthermore, even for
these optically bright AGN there is no clear cor-
relation between optical and FIR luminosity, sug-
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gesting there is no causal relation. Certain ge-
ometries (and quantities) of the dust around the
AGN, that would have to be distinct from all high-
z SDSS and PSS quasars, might be able to ac-
count for the observed differences. However, the
fact that R0301 appears unobscured strengthens
the suggestion that the dust is not in the immedi-
ate surrounding and the FIR emission is therefore
not powered by the AGN. A massive starburst as
the major heating source of the FIR emission of
RD0301 seems more likely.
4. Conclusion and Outlook
The near-IR photometry of RD0301 presented
here implies that the observed relatively faint ab-
solute blue magnitude MB ∼ −24.2 mag of this
z = 5.5 quasar is intrinsic to the AGN, which
translates into the quasar having about the same
intrinsic optical luminosity as its restframe FIR
luminosity of ∼ 5× 1012L⊙. If the AGN were the
dominant heating source of the observed FIR lumi-
nosity, then its dust heating efficiency would be re-
quired to be a factor of at least 10 higher than the
upper limit found in SDSS and PSS high-z quasars
(Bertoldi & Cox 2002). The most likely scenario
therefore is that the observed FIR luminosity orig-
inates from thermal dust emission heated by a
massive starburst in the host galaxy of this quasar.
Such massive starbursts could account for the rich-
ness of metals (Omont et al. 1996; Bertoldi et
al. 2003) and the large gas reservoirs (Ohta et al.
1996; Hamann 1999; Walter et al. 2003; Dietrich
et al. 2003; Cox et al. 2005) found in the earliest
quasars known to date.
X-ray observations, which – due to the high red-
shift – could be obtained with Chandra or XMM
in the very hard rest-frame bands between ∼ 2
and 52 keV, could be used to confirm the finding
presented here. Due to the lack of very deep, large-
area optical surveys with sensitivities exceeding
the SDSS and PSS surveys by several orders of
magnitude we are currently not able to establish
the space density of faint, high-z quasars with sim-
ilar properties in the early universe.
The authors wish to recognize and acknowl-
edge the very significant cultural role and rever-
ence that the summit of Mauna Kea has always
had within the indigenous Hawaiian community;
Fig. 1.— Spectral energy distribution of RD0301.
Filled circles with error bars show the photometry
of the source. Points redward of 1 µm are from this
paper; points blueward of 1 µm are from Stern et
al. (2000). The dotted line shows the Vanden
Berk et al. (2001) composite quasar spectrum,
constructed from over 2200 Sloan Digital Sky Sur-
vey spectra, shifted to redshift z = 5.50 and nor-
malized to match the observed K-band flux den-
sity. Absorption according to the Madau (1995)
parameterization of the Lyman forests has been
applied. Crosses indicate the predicted brightness
of the composite quasar at the observed filters.
RD0301 appears to be a normal quasar in the rest-
frame ultraviolet, virtually indistinguishable from
the composite quasar spectrum.
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we are most fortunate to have the opportunity
to conduct observations from this mountain. The
work of DS was carried out at Jet Propulsion Lab-
oratory, California Institute of Technology, under
a contract with NASA.
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